As an antibiotic that prevents and treats infections caused by Gram-positive bacteria such as Staphylococcus aureus, vancomycin incorporated in a biodegradable polymer poly(lactide-co-glycolide) provides opportunities to construct controlled-release drug delivery systems. Developments associated with this promising system have been largely concentrated on areas of drug delivery kinetics and biodegradability. In order to provide surface analytical approaches to this important system, the authors demonstrate applicability of time-of-flight secondary ion mass spectrometry (TOF-SIMS) in three-dimensional molecular imaging for a model system consisting of alternating layers of ploy(lactide-co-glycolide) and vancomycin. TOF-SIMS imaging clarified that the two chemicals can undergo phase separation when dimethyl sulfoxide is used as the solvent. The authors identified two diagnostic ions that are abundant and structural moieties of vancomycin. The results on TOF-SIMS imaging and depth profiling vancomycin provide useful information for further applications of TOF-SIMS in the development of antibiotic drug delivery systems involving the use of vancomycin. Published by the AVS. https://doi
I. INTRODUCTION
Gram-positive bacteria are characterized by a cell wall composed of a cross-linked peptidoglycan layer, which is constructed by alternating molecules of N-acetylglucosamine and N-acetylmuramic acid (NAM) connected via a glycoside bond. 1 These connected chains of the two monosaccharides are cross-linked by short chain peptides with one end bonded to NAMs and the other terminated by D-Ala-D-Ala. Vancomycin, 2 a glycopeptide, binds to five specific sites of the D-Ala-D-Ala moiety, preventing the short chain peptides from being cross-linked together by DD-transpeptidase, thus inhibiting or weakening the synthesis of the cell wall. [3] [4] [5] The result of these interactions eventually leads to cell death, which is why vancomycin is an antibiotic to Gram-positive bacteria, noticeably Staphylococcus aureus.
1 Injection or oral administration of antibiotics into the human body lacks temporary and distribution control, leading to over dosage and long-term accumulation of the drug agent in the body, which may cause various side effects. In order to counter these adversary effects, controlled-release drug delivery systems consisting vancomycin and biodegradable polymers are being developed. 6, 7 Due to the biodegradability and ease of tailoring degradation kinetics by adjusting the ratio of the lactide and glycolide moieties, poly(lactide-co-glycolide) (PLGA) is a copolymer of choice for the biodegradable polymer matrix in controlled-release drug delivery systems. 8 We a) Present address: Guangzhou Yueqing Regenerative Medical Science and Technology Ltd., 12-#307 Yuyan Street, Luogang District, Guangzhou, Guangdong 510663, China.
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Authors to whom correspondence should be addressed; electronic addresses: tumei@jnu.edu.cn; hnie@uwo.ca have reported vancomycin-loaded PLGA microspheres and scaffolds for controlled-release drug delivery systems. 9, 10 The scaffold approach is especially promising in bone regeneration as scaffold provides mechanical support for cell growth and the loaded biomolecules and antibiotics enhance tissue formation and prevent infections. 11, 12 For such drugloaded polymer matrix systems, in vitro and in vivo drug release kinetics and biodegradability, as well as their applications, have been extensively explored. 13, 14 The success of this controlled-release drug delivery system is important in vancomycin applications to fight diseases caused by Grampositive bacteria.
The surface chemistry of a scaffold composed of vancomycin-loaded PLGA microspheres is important to control the performance of the system in delivering drugs in a controlled manner both temporarily and in distribution. However, investigations concentrated on surface analysis of these two materials are scarce. For the purpose of developing analytical approaches to study vancomycin, we make use of time-of-flight secondary ion mass spectrometry (TOF-SIMS), 15 which is especially powerful in revealing chemical information. [16] [17] [18] [19] [20] TOF-SIMS has been applied in depth profiling multilayer drug-loaded beads, 21 drug-eluting coatings on implantable stents 22, 23 and other drug-delivery systems, 24, 25 as well as surface imaging of porous microspheres 26 of controlled-release drug delivery systems. In this technique, a pulsed (primary) ion beam (e.g., Bi 3 þ ) is used to bombard the surface of a specimen to generate (secondary) ions from the topmost monolayer (1-3 nm). The imaging capability of TOF-SIMS is especially powerful in answering not only the question of what is on the surface but also the question of how molecules are distributed over the surface. With another ion beam (e.g., C 60 þ ) serving to sputter a controllable amount of substance from the surface, chemical variations in the depth direction can also be accessed. 16 Therefore, TOF-SIMS provides three-dimension molecular information, which is powerful in exploring drugloaded polymeric systems.
Liquid chromatography-mass spectrometry (LC-MS) has been used to investigate vancomycin, with doubly charged and doubly protonated ions being the diagnostic ion for vancomycin. [27] [28] [29] However, this method lacks imaging and depth profiling capabilities. Despite the fact that vancomycin is an antibiotic that has been extensively studied, to our knowledge, there have been no TOF-SIMS studies on vancomycin and identification of diagnostic ions. In order to demonstrate the applicability of TOF-SIMS in providing three-dimensional molecular information, we select a model system of layered structure of PLGA and vancomycin. We examine the fragmentation of vancomycin in TOF-SIMS and identify diagnostic ions that are abundant and structural moieties. In this article, we show that the depth profiling of the layered structure of the two molecules, as well as their phase separation revealed by imaging. The demonstrated TOF-SIMS applications are expected to promote TOF-SIMS applications in areas related to controlled-release drug delivery systems.
II. MATERIALS AND METHODS
The vancomycin hydrochloride used in this study was a product for injection produced by Zhejiang Medicine Co., Ltd., China. The molar mass of vancomycin (C 66 H 75 C l2 N 9 O 24 ) is 1449.3 Da with its monoisotopic molar mass being 1447.4302 Da. (The molecular structure of vancomycin is shown in Fig. 4 .) Poly ( D,L -lactide-co-glycolide) (PLGA) (65:35) (BLYCL2015062501) from Shenzhen Polymtek Biomaterial Co., Ltd., Shenzhen, China, was used in this experiment. Deionized water and dichloromethane (DCM) were used to make aqueous vancomycin solution and PLGA solution in DCM, respectively. The concentration for both solutions were 2 wt. %. A multilayer PLGA/vancomycin/PLGA/Si sample was prepared by spin-coating (4000 rpm) the solutions alternatively on a Si substrate. We also used dimethyl sulfoxide (DMSO) to dissolve both PLGA and vancomycin and placed the solution on a mica substrate, which resulted in phase separation between the two chemicals.
The surface morphology of the vancomycin and PLGA layers was examined using the dynamic force mode AFM (Park Systems XE-100, Korea). In this mode, a cantilever with a nominal spring constant of 40 N/m and a resonant frequency of 300 kHz (NSC15, MikroMasch, Sofia, Bulgaria) is vibrated at a frequency slightly below the resonant frequency. When the tip engages the sample surface, its amplitude reduces due to the tip-sample interaction. Reduced amplitude (usually 50%-80% of that in free space) is used as the feedback parameter so that the system scans the sample according to its contour, rendering surface morphology. AFM images constructed with 256 scan lines with each line having 256 points were obtained in air at room temperature with a relative humidity of $40%.
An IONTOF GmbH (M€ unster, Germany) TOF-SIMS IV equipped with a cluster bismuth liquid metal ion gun was employed to examine the surface of PLGA and vancomycin and depth profile a layered structure of PLGA/vancomycin/ PLGA/Si. The high current bunched mode of the instrument was used in this study, which offers high mass resolutions with a lateral spatial resolution of a couple of microns. Although not used in this study, another mode of the instrument is the burst alignment mode, offering lateral spatial resolutions at submicrons with limited mass resolution and sensitivity. This mode would be used only when lateral spatial resolutions were the most important aspect in one's experiment.
The base pressure of the TOF-SIMS analytical chamber was about 1 Â 10 À8 mbar. The primary 25 keV Bi 3 þ cluster ion beam pulsed at $1 ns (target current of $1 pA) bombarded the sample surface, generating secondary ions. Either positive or negative ions were extracted (depending on the selection of the polarity of electric field), mass separated and detected via a reflectron type of time of flight analyzer, followed by a pulsed, low energy ($18 eV) electron flood used to neutralize sample charging. This cycle of starting a shot of the primary ion to completion of the charge compensation was either 100 or 140 ls to collect ions with mass to charge ratio (m/z) up to 900 or 1600, respectively.
Negative and positive secondary ion mass spectra were collected on the surface over an area of 200 Â 200 lm 2 with a pixel density of 128 Â 128. The primary ion dosage was approximately 6 Â 10 11 ions/cm 2 , which was well below the static limit of $10 13 ions/cm 2 . 16, 30 Secondary ion mass spectra were initially calibrated using hydrogen, carbon and hydrocarbon ions. In order to establish a more accurate mass scale for PLGA and vancomycin, the spectra were recalibrated using known higher-mass species from the two chemicals. Mass resolutions for C 4 
þ (27), and C 3 H 4 O þ (56) were 4300, 6900, 4100, and 8800, respectively. The fidelity of the assignment is quantified by the deviation, in parts per million (ppm), of the peak from the assigned chemical formula
Depth profiles were obtained on a multilayer sample by alternatively sputtering the surface in an area of 400 Â 400 lm 2 using a 10 keV C 60 þ ion beam (target current $0.2 nA) for 1 s followed by analyzing the surface using the Bi 3 þ primary ion beam over an area of 200 Â 200 lm 2 within the sputtered area. The depths of the craters generated were measured using a profilometer (P-10, KLA-Tencor) to calibrate the sputter depth. At each sputtered depth, a full spectrum was collected at each of the 128 Â 128 pixels over the rastered area, from which ion images were obtained by plotting the intensities of selected ions against the rastered pixels.
III. RESULTS AND DISCUSSION

A. Identification of diagnostic ions of vancomycin
Since the identification of chemical structure of an ion requires a precise calibration of the peak in an ion mass spectrum, a good way to do it is to use two known ions each having a lower and higher m/z than the ion to be identified. The strategy to identify diagnostic ions from vancomycin is to make use of PLGA ions, which are readily identifiable from its lactide (C 3 H 4 O 2 ) and glycolide (C 2 H 2 O 2 ) moieties. 26 PLGA ions are useful in precisely calibrating the spectra so that our identification of vancomycin can be done with more credence when using a mixture of the two chemicals. We first show in Figs. 1(a) and 1(b) the positive and negative secondary ion mass spectra of pure PLGA in m/z 11-95 and 95-205, respectively. There are numerous characteristic ions from PLGA, or more precisely, from its lactide and glycolide moieties. The ions characteristic of PLGA are À (159). An aqueous solution of vancomycin was spin-coated on cleaved Muscovite mica, which offers an atomically flat, hydrophilic surface. In order to understand how the mica substrate affects the TOF-SIMS results of a vancomycin film prepared on it, we show in Fig. 2 
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Muscovite mica, we first check whether there are mica constituent entities appearing in the spectra. The abundant K þ detected is from the mica substrate, which is potassium aluminum silicate hydroxide fluoride and may be expressed as KAl 2 (AlSi 3 O 10 )(F, OH) 2 . The potassium ions are present between the silicate sheets. 31 We noticed that negative ions from the mica substrate, such as SiO 2 À , SiO 3 À , and SiO 3 H À are relatively weak in the negative secondary ion mass spectrum of the vancomycin film [lower panel in Fig. 2(b) ]. We can also confirm that the negative ion peaks at m/z 119 and 179 in the lower panel of Fig. 2(c) , assigned to AlSiO 4 À and AlSi 2 O 6 À , respectively, are from the mica substrate. Therefore, the impact of the mica substrate on the TOF-SIMS results of the vancomycin film deposited on it was minimal.
Because TOF-SIMS probes only the top 1-3 nm, the detection of those mica constituent entities indicates either the vancomycin layer is as thin as a couple of nanometers or the layer is porous. In our case, we confirmed using AFM that the vancomycin is free from porosity, thus verifying that the thickness of the vancomycin layer is indeed only a couple of nanometers.
The most abundant positive and negative ions from vancomycin in m/z 11-95, as shown in Fig. 2(b À , and Cl À will no longer be diagnostic. Therefore, ions associated with more structural information of vancomycin are needed for identification of the chemical. As shown in Fig. 2(c) , there is an abundant positive ion at m/z 100, which is assigned to C 6 H 14 N þ . On the other hand, we confirmed that the two abundant negative ions at m/z 155 and 157 resemble the isotope pattern of chlorine, allowing us to assign them to C 7 Cl À , respectively. The details on these identifications are shown in Fig. 3 and discussed below. We confirmed that, from the inserted spectra of the cleaved mica substrate in Fig. 2(c) , these peaks are not related to the mica substrate.
In order to more precisely calibrate the m/z values of those three ions, we make use of the known ion species of PLGA by using a sample with a mixture of vancomycin and PLGA. Shown in Fig. 3(a) are positive ion mass spectra obtained from a PLGA layer (upper panel) and a mixture of vancomycin and PLGA (lower panel), both prepared on a Si wafer. Both positive ion spectra were calibrated using known PLGA ions of C 3 H 3 O þ (55) and C 6 H 7 O 3 þ (127). The vancomycin ion at m/z 100.1131, in the lower panel of Fig. 3(a) Fig. 4 , C 6 H 14 N þ is a structural moiety of vancomycin, whose chemical structure is depicted in Fig. 4 , where the structure of vancomycin and other identified ions are depicted.
Through precisely calibrating the negative spectra using the two PLGA ions C 6 À at m/z 159 is useful in calibrating the negative ion mass spectrum for the mixture of vancomycin and PLGA to acquire accurate m/z for the two vancomycin ions at m/z 155 and 157.
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The weak peak of a positive ion at m/z 144 in Fig. 2(c) is also known to be C 7 H 14 O 2 N þ from LC-MS. 27, 29 which is the vancosamine moiety as depicted in Fig. 4 . It is worth pointing out that in contrast to TOF-SIMS, C 7 H 14 O 2 N þ is a rather abundant peak in LC-MS. 27, 29 We also tried identifying other peaks that are not as abundant as C 6 H 14 N þ and C 7 H 4 O 2 Cl À . For example, the negative ion at m/z 121 is assigned to C 7 H 5 O 2 À . This negative ion may be due to the benzene ring with two hydroxyls when its bond with the adjacent benzene ring breaks and the carbon atom beside the carboxyl group cleaves. On the other hand, the positive ion peak at m/z 118 can be assigned to C 5 À , which will be discussed later, are also depicted in Fig. 4 . Figure 5 (a) shows both positive and negative ion mass spectra of vancomycin in m/z 600-1480, which are calibrated using ions including the identified ions of CH 3 þ , C 3 H 5 þ , and C 6 H 14 N þ , and C À , C 4 H À , and C 7 H 4 O 2 Cl À , respectively. The two peaks at m/z 1448.4176 and 1402.4215 in Fig. 5(a) À corresponds to [MÀCOOH] À , that is, with the removal of the carboxyl group COOH from the vancomycin molecule. This negative ion may be termed as "decarboxylated" vancomycin molecular ion.
The m/z range used in Fig. 5(a) 32 peaks at m/z 1448 and 1402, respectively. The simulated isotope patterns of the corresponding ions are shown in the lower panels of Figs. 5(b) and 5(c), respectively. It is clear that the theoretical and experimental isotopic distributions match. The isotopic pattern shown in Fig. 5(b) has also been observed by Orbitrap. 32, 33 Vancomycin has been investigated using LC-MS, in which the base peak is C 7 H 14 O 2 N þ , the vancosamine end group in the glycoside group of vancomycin, with C 13 H 25 O 7 N þ (307) corresponding to the glycoside group having a much smaller abundance. 27 In the LC-MS investigation, an abundant peak at m/z 725 is identified as [Mþ2H] 2þ . [27] [28] [29] MS, 27, 29 in TOF-SIMS, it is much weaker than C 6 H 14 N þ . To our knowledge, C 6 H 14 N þ has never been mentioned in the literature when LC-MS was used to study vancomycin, indicating that this ion is either not generated or very weak in LC-MS.
In a LC-MS study on understanding ion fragmentation of vancomycin, precursor deprotonated vancomycin ion [MÀH] À in further MS collision-induced dissociation (CID) experiment resulted in decarboxylate vancomycin ion C 65 H 74 Cl 2 N 9 O 22 À . 27 On the other hand, the CID spectrum of precursor protonated vancomycin ion [MþH] þ resulted in an abundant peak at m/z 1305, which corresponds to the loss of its vancosamine end group that makes the positive ion peak at m/z 144. 27 As shown in Fig. 5(a) , we also detected this ion at m/z 1305, or more precisely, a group of ions reflecting the isotopic distribution (details not shown). It can layer coated on the first PLGA layer. We consider that the structures observed are due to the fact that PLGA is hydrophobic while vancomycin hydrophilic (its aqueous solution was used for the spin-coating). We tested this hypothesis by spin-coating aqueous solution of vancomycin on cleaved mica, which is a hydrophilic surface as it is terminated by oxygen groups (and potassium ions). 31 As shown in Fig. 6 (d) the vancomycin layer is smooth, with a root mean square roughness of only 0.2 nm. Because elements of the underneath mica were detected from the surface of the vancomycin layer, we believe that it is perhaps close to a monolayer.
The multilayer PLGA/vancomycin/PLGA spin-coated on a Si substrate [ Fig. 7(a) ] was depth profiled using a 10 keV C 60 þ sputter ion beam. We verified that there are numerous ion species that are suitable for depth profiling the layered structure. The intensity of the monoisotopic 27 decarboxylated ion C 65 H 74 Cl 2 N 9 O 22 À is 1/300 of that of C 7 H 4 O 2 Cl À . Therefore, due to the lack of abundance, the decarboxylated molecular ion is perhaps not suitable for depth profiling. For clarity purposes, we present in Fig. 8 for PLGA (not shown), resemble those of the depth profiles of negative ions presented in Fig. 7(b) . Shown in Fig. 7 (c) are overlapped images of Cl À (red, representing vancomycin) and C 3 H 3 O 3 À (green, representing PLGA) depicting the cross section of the layered structure. Note that in Fig. 7 (c) the horizontal dimension (200 lm) and vertical dimension (330 nm) are not to scale: the horizontal dimension represents the size of the rastered area and the vertical dimension the depth profiled.
We can also access ion images along the profiled depth. and Fig. 7(c) . The uneven vancomycin at the surface is evident via Cl À image, which is consistent with the AFM image [ Fig. 6(b) ] showing the surface of the vancomycin film deposited on the underneath PLGA layer. Therefore, TOF-SIMS is a powerful technique to identify molecules (and elements) and their three-dimensional locations with a lateral resolution of $2 lm and a depth resolution of 1 nm.
Finally, we show TOF-SIMS imaging of a sample made by placing a droplet of a solution of both PLGA and vancomycin in DMSO. Figures 8(a) Fig. 8(c) , which can be used to trace DMSO, the only chemical containing sulfur in the system. Because SO 3 À was only detected in the vancomycin phase, indicating that the solvent was either incorporated into or reacted with vancomycin. On the other hand, the lack of SO 3 À in the PLGA phase indicates that the solvent evaporated from PLGA molecules. We also confirmed this finding for PLGA in DMSO and vancomycin in DMSO by spin-coating their respective solution on to a mica surface. As discussed earlier, TOF-SIMS imaging of phase separated vancomycin and PLGA revealed that vancomycin may be impacted by DMSO. Because DMSO is an excellent solvent for many organic materials, 34, 35 including vancomycin and PLGA, it may be widely used in controlled-release drug delivery systems containing these two chemicals. More generally, for applications where vancomycin molecules need to adhere to alloys 36 or bacteria, 37 the use of DMSO may have a significant impact to their interactions. Therefore, investigations on possible impacts of DMSO to the antibiotic functionality of vancomycin may be warranted.
IV. CONCLUSIONS
We applied TOF-SIMS to investigate the ion fragmentation of vancomycin (molecular formula C 66 H 75 Cl 2 N 9 O 24 , denoted as M), an antibiotic against Gram-positive bacteria. We identified two diagnostic ions C 6 H 14 N þ and C 7 H 4 O 2 Cl À , whose abundance are approximately three quarters and one third of those of their most abundant ions C 3 H 8 N þ and CN À , respectively. Although much weaker than the two diagnostic ions, protonated molecular ion [MþH] þ and decarboxylated molecular ion [MÀCOOH] À are also detected from vancomycin. We also demonstrated that TOF-SIMS is powerful in molecular imaging phase separated vancomycin and poly(lactide-co-glycolide) (PLGA) and depth profiling layered PLGA/vancomycin/PLGA structures. Our results are expected to promote applications of TOF-SIMS in investigating surface chemistry and chemical structures of controlled-release drug delivery systems involving vancomycin in a polymer matrix.
